RJ, Nakagawa T. Endothelial injury due to eNOS deficiency accelerates the progression of chronic renal disease in the mouse. Am J Physiol Renal Physiol 296: F317-F327, 2009. First published November 26, 2008 doi:10.1152/ajprenal.90450.2008.-The vascular endothelium expresses endothelial nitric oxide synthase (eNOS) that generates nitric oxide (NO) to help maintain vascular integrity due to its anti-inflammatory, antiproliferative, and antithrombogenic effects. Pharmacological blockade of NO production has been shown to exacerbate renal injury in chronic renal disease and induces endothelial cell loss. However, pharmacological inhibition of NO nonspecifically blocks other types of NOS and therefore does not define the specific role of eNOS in kidney disease. We hypothesized that a lack of endothelial eNOS can induce a loss of glomerular and peritubular capillary endothelium and exacerbate renal injury in progressive renal disease. We tested out this hypothesis using remnant kidney (RK) in eNOS knockout (eNOS KO) mice. Systolic blood pressure was significantly higher, and renal function was worse in RK-eNOS KO mice compared with those in RK-C57BL6 mice. eNOS deficiency resulted in more severe glomerulosclerosis, mesangiolysis, and tubular damage. Glomerular and tubular macrophage infiltration and collagen deposition were also greater in RK-eNOS KO mice. Renal injuries in the RK-eNOS KO mice were accompanied by a greater loss of endothelial cells that was shown to be due to both a decrease in endothelial cell proliferation and an increase in apoptosis. A lack of eNOS accelerates both glomerular and tubulointerstitial injury with a loss of glomerular capillaries and peritubular capillaries. Impaired endothelial function is likely a direct risk factor for renal disease. endothelial nitric oxide synthase; glomerular endothelial cell; mesangiolysis NITRIC OXIDE (NO), a free radical in the form of a highly diffusible gas, regulates renal hemodynamics (2). The production of NO is regulated by three different forms of NO synthase (NOS), including neuronal NOS, inducible NOS, and endothelial NOS (eNOS). Expression of these three isoforms is cell specific and subject to distinct control mechanisms (16). Neuronal NOS is predominantly expressed in tubular epithelial cells of the macula densa and inner medullary collecting duct (1), whereas eNOS is restricted to endothelial cells in the kidney, consistent with eNOS having an important role in the maintenance of endothelial function (10). eNOS knockout mice (eNOS KO) have been reported to develop focal congenital renal abnormalities, including glomerular hypoplasia and tubular cell death, and atubular glomeruli (7). In addition, Heeringa et al. (11) demonstrated that a lack of eNOS aggravates anti-glomerular basement membrane glomerulonephritis in association with more severe inflammation. The renal injuries in these mice were accompanied by severe neutrophil infiltration and thrombus formation not observed in controls (11). These data suggest that eNOS may play an important role in both renal development as well as acute glomerulonephritis.
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We and others examined the role of NO in the rat RK model by using nitro-L-arginine methyl ester (L-NAME), which is an inhibitor of all NOS enzymes. We (13) found that the inhibition of NO synthesis resulted in more severe renal injury, suggesting a protective role of NO. Recently, the role of eNOS in the progressive renal disease was examined by using eNOS KO mice. Mendoza et al. (17) demonstrated that eNOS deficiency accelerates renal injury and that the injury could be ameliorated by L-arginine and antioxidants. The other study (25) reported that lack of eNOS contributed to the development of glomerular hypertrophy in the RK. However, these studies did not focus on the effect of eNOS deficiency on the response of the endothelium, which is critically modulated by NO. Thus we provided more detailed histological characterization, especially related to the changes in the glomerular and peritubular capillaries in this model. This study should provide insight into the specific role of endothelial function on progressive renal disease.
MATERIALS AND METHODS
Experimental animals. All experiments were approved by the Animal Care and Use Committee of the University of Florida. Eightweek-old C57BL/6J male mice (n ϭ 10; RK-C57BL6) or C57BL/6J-Nos3tm1Unc male mice (n ϭ 10; RK-eNOS KO; Jackson Laboratory, Bar Harbor, ME) weighing 20 -25 g underwent a right subcapsular nephrectomy and surgical resection of the poles of the left kidney. C57BL/6J male mice (n ϭ 8; Cont-C57BL6) or C57BL/6J-Nos3tm1Unc male mice (n ϭ 8; Cont-eNOS KO) underwent a sham operation. Eight mice in RK-C57BL6 and five mice in RK-eNOS KO mice survived the operation, whereas no sham-operated mice died in this study. Systolic blood pressure was measured by a tail-cuff sphygmomanometer (Visitech BP2000; Visitech Systems, Apex, NC) every month, and it was determined as the average value of 5-10 consecutive measurements. After 2 mo of observation, mice were killed to obtain kidney, blood, and urine. Serum urea nitrogen and creatinine were measured by blood urea nitrogen assay (Diagnostic Chemicals, Oxford, CT) and creatinine assay (Bio Quant, San Diego, CA), respectively. Urinary albumin was quantified by Albuwell M (Exocell, Philadelphia, PA), and the albumin-to-creatinine ratio was calculated.
Renal histology. Kidneys were fixed in Fekete's fixative and embedded in paraffin (20) . Two-micrometer sections were used for the periodic acid-Schiff reagent (PAS) and immunohistochemistry with the following antibodies; endothelial cells with rabbit anti-mouse thrombomodulin antibody (20) or rat anti-mouse CD34 antibody (BD Pharmingen, San Jose, CA), type III collagen deposition with a rabbit anti-mouse type III collagen antibody (Southern Biotech, Birmingham, AL), macrophage infiltration with rat anti-mouse F4/80 antigen (Raleigh, Serotec, NC), type IV collagen deposition with a polyclonal rabbit anti-mouse type IV collagen antibody (Chemicon International, Temecula, CA), and VEGF with goat anti-rat VEGF antigen (R&D Systems, Minneapolis, MN). To detect endothelial cell proliferation, we performed double immunostaining with rat anti-mouse Ki67 antibody (Dako, Glostrup, Denmark) and rat anti-mouse CD34 antibody. As a secondary antibody, Match2 goat anti-rabbit IgG-HRPpolymer (Biocare, Concord, CA) was used for thrombodomulin and collagen IV; nonbiotinylated rabbit anti-rat IgG (Vector Labs, Burlingame, CA) was used for CD34, Ki67, and F4/80; and biotinylated horse anti-goat IgG for collagen III was used. To detect apoptosis, we performed terminal deoxynucleotidyl transferase dUTP-mediated nick-end labeling (TUNEL) staining with ApopTag in situ apoptosis detection kit, which labels DNA fragments. Color was developed using 3,3-diaminobenzidine (Vector Labs) as a chromogen. In double staining, Fast red (BioCare Medical, Concord, CA) was used for thrombomodulin/CD34.
Quantification of morphology. All quantifications were performed in a blinded manner by two observers. With the use of coronal sections of the kidney, all glomeruli (Ͼ50 glomeruli) were evaluated, whereas only the cortical tubulointestitial area was examined. For glomerular mesangial expansion, the extent of the mesangial matrix (defined as mesangial area) was determined by assessing the PASpositive and nuclei-free area in the mesangium. The glomerular tuft area was measured by tracing along the outline of the capillary loop using the AxioVision image analyzer (Carl Zeiss). To evaluate the degree of mesangiolysis, the number of glomeruli containing mesangiolysis was divided by that of total glomeruli. Glomerulosclerosis was defined as obstruction of capillary lumen caused by mesangial matrix expansion or collapsed capillaries (3). Each biopsy gave a score of glomerular lesion based on the ratio of injured glomeruli to total glomeruli. Tubular damage was scored based on the ratio of injured tubules defined as tubular cast formation, sloughing of tubular epithelial cells, tubular dilatation, tubular atrophy, and vacuolization of the epithelium per 100 tubules. Glomerular type IV collagen deposition, F4/80-positive macrophage infiltration or CD34-positive endothelial cells were evaluated as percent positive area in glomeruli by using the AxioVision image analyzer (Carl Zeiss). Tubulointerstitial macrophage infiltration (with F4/80), interstitial collagen III deposition, or peritubular capillary endothelial cell density (with CD34 or thrombomodulin) was evaluated as the percent positive area in cortex of whole kidney. The area of peritubular capillary staining by CD34 was measured as the percent positive area per 100 tubules as described previously (15) . To examine proliferating endothelial cells, double staining was performed with anti-CD34 antibody and antibromodeoxyuridine antibody. On the other hand, TUNEL staining was used to detect apoptotic cells. VEGF expression was measured as the percent positive area in the tubulointerstitium.
Statistical analyses. All data are shown as means Ϯ SD. The unpaired t-test was used to test the means of two groups of unpaired measurements. One-way ANOVA followed by the Tukey's test was used for three or more group comparisons. The Pearson correlation coefficient was calculated to measure the extent of the association. Statistical significance was defined as P Ͻ 0.05. Table 1 , 2 mo after surgery, blood pressure was significantly elevated in C57BL6 mice. In contrast, blood pressure was high in sham-operated eNOS KO mice but was not further increased by the RK procedure. Reduced renal function was evident in both RK-C57BL6 mice and RK-eNOS KO mice, as evidenced by a significant increase in serum creatinine and blood urea nitrogen. Compared with RK-C57BL6 mice, renal function was significantly worse in RK-eNOS KO mice. Similarly, urinary albumin excretion tended to be increased in both RK groups but was higher in RK-eNOS KO mice.
RESULTS

General parameters. As shown in
Glomerular and tubulointerstitial damage in RK-eNOS KO mice. RK-C57BL6 mice did not developed glomerulosclerosis and mesangial expansion, while these changes were significantly induced in RK-eNOS KO mice as assessed by PAS staining and quantification (Fig. 1, A and B) . Similarly, while glomerular hypertrophy was induced in RK-C57BL6 mice (40% increase) (c) compared with sham-operated mice (a), it was significantly greater in eNOS KO mice (d) than that in RK-C57BL6 mice (c). Interestingly, mesangiolysis, microaneurysms, and intraluminal thrombi developed in RK-eNOS KO mice (e-h). In contrast, RK-C57BL6 had minimal evidence for these lesions (Fig. 1) .
Similarly, both RK-C57BL6 and RK-eNOS KO mice developed tubulointerstitial disease, but eNOS deficiency caused more severe injury (44% increase) compared with C57BL6 mice, especially in the renal cortex. Tubulointerstitial injury included tubular cast formation, sloughing of tubular epithelial cells, tubular dilatation, tubular atrophy, and vacuolization of the epithelium (Fig. 2 ). There was also nuclear exfoliation in tubular epithelial cells (Fig. 2B) .
To evaluate glomerular matrix expansion and tubulointerstitial fibrosis, we examined collagen IV and III deposition, respectively. As shown in Fig. 3 , glomerular collagen IV deposition was significantly increased (89%) in the mesangial area of RK-C57BKL6 mice compared with sham-operated C57BL6 mice, and this was further enhanced in RK-eNOS KO mice (46% increase) compared with RK-C57BL6 (Fig. 3, A  and C) . Similarly, in the interstitial area, collagen III deposition was significantly increased in RK-C57BL6 (3.5-fold increase) and this deposition was more severe in the renal cortex in RK-eNOS KO mice (38% increase) compared with RK-C57BL6 (Fig. 3, B and C) .
Macrophage and T-cell infiltration in RK-eNOS KO mice. Since NO can inhibit inflammatory reactions, we examined if eNOS deficiency could enhance macrophage and T-cell infiltration in this renal disease by using F4/80 as a marker of macrophages and CD3 for T cells. In sham-operated control C57BL6 mice, no macrophage was observed in glomerulus, while some were present in tubulointerstitium. RK-eNOS KO mice had a significant increase in macrophage infiltration compared with RK-C57BL6 mice in the glomeruli (15.4-fold increase), as well as in the tubulointerstitium (2.7-fold increase; Fig. 4 ). On the other hand, there were some residential
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ϩ T cells in sham-operated kidney. The RK resulted in an increase in the T-cell infiltration in glomerulus (62% increase) but not in the tubulointerstitium. Interestingly, eNOS deficiency was associated with similar T-cell infiltration in the RK as control mice with RKs (Fig. 4C) .
Endothelial cell loss in RK-eNOS KO mice. Next, we examined the integrity of the vascular endothelium in this model using antibodies for CD34 and thrombomodulin as markers of endothelial cells. As shown in Fig. 5 , endothelial cell density was slightly reduced in glomeruli as well as in the cortical tubuloiterestitium in RK C57BL6 mice, whereas a significantly greater reduction was observed in RK-eNOS KO mice (50% reduction) compared with RK-C57BL6 (Fig. 5, A and B) . Interestingly, the endothelial cell loss was more prominent in the glomeruli and renal cortex, as illustrated by reduced throm- bomodulin-positive cells in these areas (Fig. 5B ). CD34-positive cells were also reduced in RK-eNOS KO mice (17.4 Ϯ 1.3 vs. 21.7 Ϯ 1.9% in glomerulus of RK-C57BL6, P Ͻ 0.01; 6.5 Ϯ 2.4 vs. 10.3 Ϯ 1.2% in tubulointerstitium, P Ͻ 0.01). As shown in Fig. 5C , the loss of the endothelium was associated with both greater glomerulosclerosis and tubular damage.
Endothelial cell proliferation and apoptosis in RK-eNOS KO mice. We further examined the mechanism by which endothelial cells were lost in RK-eNOS KO mice. Since the endothelial cell number results from the balance between proliferation and apoptosis, we first examined endothelial cell proliferation evidenced by Ki67-positive endothelial cells (Fig. 6A) . Double staining for Ki67 and CD34 demonstrated that proliferating endothelial cells were significantly reduced in cortical peritubular capillaries in RK-eNOS KO mice (36% reduction) compared with RK-C57BL6 mice. Similarly, glomerular capillary endothelial cells tended to be lower in RK-eNOS KO mice, although this did not reach significance (Fig. 6B) . In contrast, total Ki67-positive cells in RK-eNOS KO mice are almost identical to that in RK-C57BL6 mice (Fig. 6C) .
Next, we examined apoptotic cell in this model using TUNEL staining. Using serial sections, immunohistochemistry demonstrated that there are many cells undergoing apoptosis. These include glomerular endothelial cells (Fig. 7A, a and b) and peritubular capillary endothelial cells (Fig. 7A, c and d) . By quantification of these cells, it was found that apoptosis was significantly increased in peritubular endothelial cells in RKeNOS KO mice (4.6-fold increase) compared with RK-C57BL6 (Fig. 7B) . Similarly, endothelial apoptotic cells were also slightly increased in glomeruli in RK-eNOS KO mice.
VEGF expression in RK-eNOS KO mice. As shown in Fig. 8 , a significant increase in cortical VEGF expression was observed in both C57BL6 (2.3-fold increase) and eNOS KO mice (3.1-fold increase) with RKs. On the other hand, glomerular VEGF expression was not altered in these groups.
DISCUSSION
To determine the role of endothelial-derived NO in chronic renal disease, we studied RKs using eNOS KO mice. Since endothelial NO is expected to serve a protective role, we hypothesized that the RK model would result in more severe renal injury in eNOS KO mice compared with that in wild-type mice. As expected, the absence of functional eNOS resulted in worse renal function, greater urinary albumin excretion, and a more severe histological injury in both glomeruli and tubulointerstitium. In addition to worse glomerulosclerosis and tubulointerstitial fibrosis, RK-eNOS KO mice also developed occasional intraluminal thrombi in glomeruli with mesangiolysis and microaneurysm formation. Since thrombotic lesions do not usually develop in RK model of wild-type mice, it is likely the consequence of more severe endothelial injury. Consistent with this finding, eNOS deficiency resulted in greater endothelial cell loss and more macrophage infiltration. The endothelial loss was likely a consequence of both less proliferation and more apoptosis. Finally, a protective role of eNOS in progressive renal disease was suggested by the finding that endothelial cell density was negatively associated with renal injury.
Compatible with our study, it has been recently shown that eNOS KO mice exhibit an impaired angiogenic response in skeletal muscle. Murohara et al. (19) studied the hindlimb ischemia model in eNOS KO mice and found that tissue ischemia failed to induce angiogenesis. These studies indicate that endothelial NO is an indispensable factor for angiogenesis. However, the role of NO on endothelial cell is likely complicated. Gooch et al. (9) demonstrated that endothelial cell proliferation is positively and negatively regulated by NO and that this diverse effect depends on the amount of NO. For instance, a high amount of NO has been shown to negatively regulate endothelial proliferation, whereas endothelial proliferation can be positively stimulated by low amount of NO. On the other hand, NO may also serve as a survival factor to counteract apoptotic process in endothelial cell. Although the role of NO in regulation of apoptosis is still controversial, it has been demonstrated that NO donors at physiologically relevant concentrations blocked endothelial cell apoptosis induced by various stimuli, including the proinflammatory stimuli LPS or TNF-␣ and reactive oxygen species (4, 5) . Given the complexity in regulation, eNOS could be a critical factor to regulate endothelial integrity in various pathological conditions.
In our study, RK-eNOS KO mice developed features consistent with a mild thrombotic microangiopathy (TMA), as noted by the presence of mesangiolysis, intraluminal thrombus formation, and occasional microaneurysms. Since these glomerular lesions did not develop in wild-type mice, they are presumably caused by severe endothelial dysfunction or eNOS deficiency. Compatible with this notion, it has been recently demonstrated (21) that selective damage on glomerular endothelial cell using administration of antiglomerular endothelial cell antibody resulted in the formation of TMA in rat. Importantly, in this latter model, the blockade of NO resulted in even more severe injury, whereas use of a specific inducible NOS inhibitor had no effect, suggesting that NO derived from eNOS may be a critical factor in the development of TMA (22). Hypertension is a major risk factor for renal progression. However, it seems unlikely for hypertension per se to fully explain the renal injury observed in this model, since RKeNOS KO mice developed more severe renal injury despite showing no difference in blood pressure compared with shamoperated eNOS KO mice. Therefore, there might be another factor involved in the development of renal injury. As discussed above, endothelial dysfunction could be an important factor in development of severe glomerular injury. Although sham-operated eNOS KO mice had endothelial dysfunction due to eNOS deficiency, endothelial dysfunction was more severe in RK-eNOS KO mice, as evidenced by greater loss of endothelial cells. Thus, while there is no doubt that hypertension is a risk factor for renal injury, there may be a synergistic effect when hypertension and endothelial dysfunction are combined with nephron loss.
Endothelial cell loss is commonly associated with renal injury in progressive renal diseases (15, 23) . In this study, we documented a reduction in endothelial staining, as noted by staining for CD34 and thrombomodulin, respectively, which strongly suggests a reduction in capillary density in the RKeNOS KO mice. Nevertheless, we did not note significant differences in endothelial cell proliferation or apoptosis, although there was a trend for less endothelial cell proliferation and more apoptosis in the RK-eNOS KO mice. While it is possible that no difference in cell proliferation or apoptosis at this time point indeed exists, the sensitivity of this test is also limited due to the relative rarity and transient nature of these processes and because identification of proliferating or apoptotic endothelial cells requires inclusion of the cell nucleus in the tissue section examined. Given that we could show reduced endothelial staining with antibodies directed to two different antigens, it is likely that there is a true reduction in glomerular endothelial cells that is greater in the eNOS KO compared with the wild-type mouse with RKs.
The protection of endothelial function could be a therapeutic strategy to prevent renal disease. In several studies, VEGF supplementation has been used to examine if endothelial protection can prevent renal injury. Recently, our group (14) has shown that endothelial cell loss was associated with the progression of renal disease in the rat RK model, while the administration of VEGF slowed progression of renal disease and preserved endothelial cell number. The protective role of VEGF could be due to its ability to stimulate NO in endothelial cells. In fact, we and others (8, 13) have found that blocking NO production with L-NAME resulted in worse renal disease in the RK model. For instance, L-NAME administration caused higher blood pressure, greater proteinuria, worse renal function, and more severe glomerulosclerosis. This could be a consequence of increased glomerular hypertension and activation of reninangiotensin system (8) . We also documented worse interstitial fibrosis with greater tubular osteopontin expression, macrophage infiltration, and type III collagen deposition in L-NAME-treated RK rats. Similar to the current study the injury was accompanied by greater endothelial cell loss in both glomerular and peritubular capillaries (13) . The increase in VEGF observed in the tubulointerstitium in both control and eNOS KO mice could represent a compensatory response to the renal injury. Nevertheless, if the benefit of VEGF is mediated via stimulation of endothelial NO, then this could potentially provide another explanation for why renal injury was worse in the eNOS KO mice (as this compensation would no longer be effective in this group). While the loss of the endothelium observed in eNOS KO mice could be a direct effect of NO deficiency, it is also possible that systemic humoral factors could contribute to renal endothelial loss. For example, TNF-␣ can induce endothelial apoptosis while this pathway is negatively regulated by NO (12) . Since serum TNF-␣ level is elevated in the rat RK model (6), a lack of eNOS could increase a susceptibility of renal endothelial cells to TNF-␣. Given this fact, the involvement of systemic factors could provide another mechanism for endothelial loss in this model (24) .
Interestingly, recent studies (18) suggest that the low levels of inflammation that occur in the RK model may have a role in renal disease progression. However, we did not observe any differences in T-cell infiltration in the eNOS KO mice compared with controls with RKs. Hence, it does not appear that endothelial NO has a significant role in mediating T-cell infiltration, at least in this model of renal disease.
In conclusion, renal injury in chronic renal disease is aggravated in mice lacking eNOS. Endothelial function was confirmed to be an important factor to determine the fate of renal disease. These studies emphasize that endothelial dysfunction may be a key risk factor for progressive renal disease and suggest that treatments targeting the improvement of endothelial function may provide new treatment strategies for this important condition. glomeruli (a and b) . Similarly, there are several apoptotic glomerular (arrow) and peritubular capillary endothelial cells (c and d). B: quantification shows that there is significantly high number of apoptotic endothelial cells in cortex while it tends to be higher in glomeruli compared with RK-C57BL6 mice.
b P Ͻ 0.05. 
